Abstract We discuss here the potential mechanisms of action associated with hypertrophic (HCM) or dilated (DCM) cardiomyopathy causing mutations in the myosin regulatory (RLC) and essential (ELC) light chains. Specifically, we focus on four HCM mutations: RLC-A13T, RLC-K104E, ELC-A57G and ELC-M173V, and one DCM RLC-D94A mutation shown by population studies to cause different cardiomyopathy phenotypes in humans. Our studies indicate that RLC and ELC mutations lead to heart disease through different mechanisms with RLC mutations triggering alterations of the secondary structure of the RLC which further affect the structure and function of the lever arm domain and impose changes in the cross bridge cycling rates and myosin force generation ability. The ELC mutations exert their detrimental effects through changes in the interaction of the N-terminus of ELC with actin altering the cross talk between the thick and thin filaments and ultimately resulting in an altered force-pCa relationship. We also discuss the effect of mutations on myosin light chain phosphorylation. Exogenous myosin light chain phosphorylation and/or pseudophosphorylation were explored as potential rescue tools to treat hypertrophy-related cardiac phenotypes.
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Introduction
Hypertrophic cardiomyopathy (HCM) is an autosomal dominant disease characterized by ventricular hypertrophy, myofibrillar disarray (Maron et al. 1982) and sudden cardiac death (SCD). HCM is considered the leading cause of SCD among athletes and young adults under the age of 30 (Marian and Roberts 1998; Maron et al. 1995) . Genetic studies have linked HCM to mutations in genes encoding for all major sarcomeric proteins, including both myosin regulatory light chain (RLC) (*4 %) and essential light chain (ELC) (*2 %) (Alcalai et al. 2008) . Unlike HCM, dilated cardiomyopathy (DCM) is characterized by ventricular dilatation and diminished contractile function (Schonberger and Seidman 2001) . The clinical symptom of DCM is heart failure (HF), which is often associated with arrhythmia and SCD (Hershberger et al. 2013 ). Distinct from HCM, which in most cases is a genetic disease, DCM can be caused by a variety of factors, including ischemia, alcohol toxicity and viral infections (Gomes et al. 2005; Szczesna-Cordary et al. 2012) . It is estimated that only 25-48 % of all DCM cases are due to familial and genetic factors (Kamisago et al. 2000; Millat et al. 2011) . To date, more than 30 genes encoding sarcomeric, cytoskeletal and nuclear proteins are associated with DCM (Dellefave and McNally 2011) . Among them are mutations in at least eight genes encoding for sarcomeric proteins: b-MHC (myosin heavy chain), a-MHC, MyBP-C (myosin binding protein C), titin, cardiac actin, a-Tm (tropomyosin) and troponins (Perriard et al. 2003; Piran et al. 2012) . The role of muscle myosin is to form the thick filaments that slide past the thin filaments producing force and muscle contraction. Binding of myosin to actin leads to formation of the cross-bridges that hydrolyze ATP and undergo the cyclic transitions from the weakly to strongly attached states. The released energy propels myosin sliding along the actin filaments resulting in myofilament movement and muscle contraction. The myosin molecule is composed of three major structural domains (Rayment et al. 1993) : (1) the motor domain, containing actin and ATP binding sites; (2) the lever arm domain, containing myosin ELC and RLC (both domains form the myosin head also called S1) (Fig. 1a) ; and (3) the tail region, which is responsible for thick filament formation. Since the myosin lever arm plays a pivot role in regulating the thick and thin filament interactions (Geeves 2002) , it is conceivable that any mutations in its inherent subunits, either RLC or ELC (Fig. 1b) may alter the structure and function of the lever arm and force generation (Hernandez et al. 2007; Szczesna 2003) .
Both myosin light chains (MLCs), the RLC and ELC attach to their respective MHC IQ motifs and structurally support the lever arm domain (Geeves 2002; Rayment et al. 1993 Wang et al. 2006 ). The ELC is also an EF-hand like protein (Fig. 1b, right panel) ; however, in the striated muscle ELC has lost its ability to bind calcium. Instead, reports have shown that the N-terminus of ELC can work as a tether between the myosin cross-bridge and actin regulating cross-bridge attachment and force development (Aydt et al. 2007; Hernandez et al. 2007; Kazmierczak et al. 2009; Lossie et al. 2014; Muthu et al. 2011; Petzhold et al. 2014; Timson 2003; Xie et al. 1994) .
Another functionally important domain of MLCs is the serine phosphorylation site (Figs. 1b, 2 ). In the RLC, phosphorylation of Ser15 with myosin light chain kinase (MLCK) has been widely recognized to play an important role in cardiac muscle contraction under normal and disease conditions (Kamm and Stull 2011) . Reduced RLC phosphorylation was reported in patients with HF (van der Velden et al. 2003a, b) and observed in animal models of cardiac disease (Abraham et al. 2009; Kerrick et al. 2009; Scruggs et al. 2009; Sheikh et al. 2012; Yuan et al. 2015) . Attenuation of RLC phosphorylation in cardiac MLCK knock-out mice led to ventricular myocyte hypertrophy, fibrosis and to mild dilated cardiomyopathy (Chang et al. 2015; Ding et al. 2010) . Any change in RLC phosphorylation is then expected to cause abnormal heart performance, presumably through morphological and/or functional alterations (change in force, myofilament calcium sensitivity, ATPase activity, etc.) (Huang et al. 2008; Morano 1999; Sweeney et al. 1993) . Constitutive RLC-mutant pseudo-phosphorylation was recently shown to prevent the development of HCM in mice (Yuan et al. 2015) . For the ELC, proteomic analysis from Van Eyk's lab has revealed that the residue Ser195 can be phosphorylated in pharmacologically preconditioned cardiomyocytes, although no specific kinase responsible for ELC phosphorylation has been identified (Arrell et al. 2001) (Fig. 2) . In zebrafish cardiomyocytes, it was shown that a pseudo phosphorylation mimic of the ELC, containing serine195 mutated to aspartic acid (S195D), could rescue cardiomyocyte contractility that was lost in the zebrafish mutant lazy susan (laz) (Meder et al. 2009 ). This study suggested a beneficial effect of ELC phosphorylation for heart performance. Fig. 1 Cardiomyopathy-causing mutations in myosin light chains (MLCs)
In this report we aimed to provide insight into the molecular determinants of MLC mutations identified by population studies to cause heart disease. Specifically, we focused on the N-and C-terminal mutations in the myosin RLC (encoded by the MYL2 gene) and myosin ELC (encoded by MYL3) that are associated with HCM. We also aimed to reveal the mechanism of a newly identified DCM mutation which was found, for the first time, on the MLC . Due to the limited clinical information regarding the MLC mutation carriers and their families, this article mostly attends to studies performed on animal models of HCM including transgenic (Tg) A13T (Alanine ? Threonine)-RLC mice, Tg-K104E (Lysine ? Glutamic acid)-RLC mice and Tg-A57G (Alanine ? Glycine)-ELC mice, revealing an association between the site of the mutation and the functional and morphological alterations in cardiac function. Approximately 10 % of endogenous mouse cardiac RLC was replaced by the A13T mutant of human ventricular RLC in Tg-A13T mouse myocardium , while *100 % by K104E-RLC mutant in Tg-K104E mice . In control RLC mice, *40 % and *100 % of human ventricular RLC WT (wild-type) L4 and L2, respectively were replaced for endogenous mouse cardiac RLC (Wang et al. 2006) . In ELC mice, *80 % of human cardiac A57G-ELC was incorporated into mouse myocardium and the results compared to WT-ELC mice expressing *80 % of human ventricular ELC (Muthu et al. 2011 ). In the absence of animal models of heart disease for D94A (Aspartate ? Alanine) RLC and M173V (Methionine ? Valine) ELC mutations, the studies were performed in RLC-depleted and mutant reconstituted or ELC mutant-exchanged porcine cardiac muscle preparations. Data for D94A-RLC reconstituted preparations (*60 % reconstitution) were compared with WT-RLC reconstituted muscles (*70 %); while for M173V-ELC exchanged muscles (*60 %) with *50 % WT-ELC exchanged porcine cardiac muscle preparations .
Mutations in MYL2
Recent genetic studies have revealed that mutations in the myosin RLC are more common than previously reported (for review see Szczesna 2003) ) and in just the past few years, new mutations in MYL2 have been identified (Alvarez-Acosta et al. 2014; Olivotto et al. 2008; Santos et al. 2012) , with some detected multiple times and in different ethnic populations (Andersen et al. 2009; Garcia-Pavia et al. 2011) . In this review we focus on the effects of two HCM-causing mutations in the RLC, the N-terminal A13T mutation and the C-terminal K104E mutation (Figs. 1b, 2) . The A13T-RLC mutation was first identified in an American family as a particular subtype of cardiac hypertrophy characterized by mid left ventricular (LV) obstruction (Poetter et al. 1996) . The A13T-RLC mutation was later found to occur in HCM patients of European decent (Andersen et al. 2001; Hougs et al. 2005 ). The C-terminal K104E-RLC mutation was found in a Danish family presenting with a classical HCM phenotype with LV hypertrophy and diastolic dysfunction (Andersen et al. 2001) . The proband diagnosed with HCM at the age of 17 developed a severe hypertrophic phenotype with pronounced inter-ventricular septal (IVS) hypertrophy and inverted transmitral flow at 35 years of age, indicating diastolic dysfunction (Andersen et al. 2001 (Andersen et al. , 2009 ). The diagnosis of the proband was complicated by the fact that he and his two family members were also positive for a splice acceptor site mutation in MYL2 making the target allele for HCM ambiguous. Two family members who exclusively carried the K104E mutation did not have clinical phenotypes consistent with HCM further complicating the causative role of this K104E-RLC mutation in HCM .
In this report we also explore a novel mutation in MYL2, D94A that was identified by exome sequencing in a pedigree with familial dilated cardiomyopathy (Figs. 1b, 2) . Clinical characteristics of family members with the DCM-causing D94A mutation in MYL2 included decreased ejection fraction (EF) and impaired contractility. The proband and his sister were diagnosed with DCM at ages 24 and 29 after preventive cardiovascular screening revealed mild global LV systolic dysfunction. Medical therapy was initiated upon evidence of decreased EF. Their mother was diagnosed with peripartum cardiomyopathy (PPCM) at age 21. Septal wall thickness measurements were within normal range in all affected family members . The D94A mutation was the first mutation to be identified in any MLC to cause DCM.
Mutations in MYL3
The HCM-associated mutations in the myosin ELC (product of MYL3 gene) are quite rare, but they are also linked to malignant outcomes (Kaski et al. 2009; Lee et al. 2001; Olson et al. 2002; Poetter et al. 1996; Richard et al. 2003; Schaub et al. 1998) . In this report we focused on two disease causing mutations in myosin ELC, the N-terminal A57G mutation, and the C-terminal M173V (Figs. 1b, 2 ). The A57G mutation was found in two unrelated Korean families with HCM and one Japanese patient presenting with a classic asymmetric septal hypertrophy (Lee et al. 2001 ). The M173V mutation was discovered in an adult proband who was diagnosed with HCM as a child, but the clinical information on the specific disease phenotype has not been available (Morita et al. 2008 ).
Structural effects of MLC mutations
In this report we aimed to compare the mechanisms of HCM associated mutations in the N-terminal vs. C-terminal mutations in both MLCs, and also relate the mechanisms specific for the RLC vs. ELC protein. We hypothesized that mutations in MLC lead to domain specific structural changes that trigger alterations in the MHC-MLC interaction and result in compromised incorporation of the MLC into the myosin lever arm domain. These changes may then affect myosin function and its ability to interact with actin to produce force and muscle contraction. For myosin RLC, all three mutations were shown to alter the domain structure by far UV CD (circular dichroism) measurements (Table 1) . A significantly increased a-helical content was observed for A13T-RLC (Szczesna et al. 2001) , while the K104E-RLC and D94A-RLC significantly decreased the a-helical content of RLC compared with WT-RLC Huang et al. 2014 ). It's important to note however that all CD spectra were acquired for recombinant isolated RLC mutant and WT proteins and that their structure may further change when attached to their immediate binding partner, the MHC.
Studies with RLC-depleted and RLC-mutant-reconstituted porcine cardiac muscle preparations showed that both A13T and D94A mutations decreased the RLC incorporation into the lever arm domain, while the K104E mutation did not alter the binding of RLC to MHC Huang et al. 2014; Kazmierczak et al. 2012) . However, as shown by small angle X-ray diffraction patterns using transgenic mouse papillary muscle fibers, the K104E-RLC mutation significantly increased the interfilament lattice spacing (IFS) at both short and long sarcomere lengths under relaxation conditions suggesting that the K104E myosin-formed thick filaments move away from each other . However, the mutation did not render any changes in the cross-bridge mass distribution reflected by no changes in the I 1,1 /I 1,0 equatorial reflections' intensity ratio (Table 1) . It is important to note that X-ray diffraction experiments on Tg-K104E mouse fibers were compared to Tg-WT with two animal models expressing the same amount of transgene, i.e. the human ventricular K104E or WT RLC, respectively . Unfortunately, no such experiments were performed for the A13T-RLC mutation incorporated into the mouse myocardium at 10 % or for the D94A-RLC mutation due to the lack of transgenic D94A mice available for studies. In sum, both A13T-and K104E-RLCs triggered some structural changes in the myosin lever arm domain that ultimately affected myosin ability to generate force and muscle contraction.
For the ELC and its N-terminal molecular contacts with actin, it was anticipated that both the N-terminal A57G and C-terminal M173V mutations would affect the interaction of myosin with actin through the direct effects on the N-terminus ELC-actin interaction (Table 1) . Low angle X-ray diffraction measurements using Tg-A57G mouse papillary muscle fibers showed that under rigor condition (no ATP present) and when actin and myosin were strongly bound, the A57G mutation significantly decreased IFS, suggesting a tighter packing of the thick filaments in the A57G mutated sarcomeres (Table 1) (Muthu et al. 2011) . No X-ray experiments were performed with the C-terminal M173V-ELC mutation due to the lack of Tg-M173V mice available for research. However, it is anticipated that this C-terminal M173V-ELC mutation may play a critical role in the interaction of the ELC with the C-terminal lever arm region of the myosin cross-bridge and its interaction with actin during force generation. The binding of ELC to the MHC IQ motif occurs in a non-covalent manner, mainly through the van der Waals contacts (Rayment et al. 1993; Xie et al. 1994) . Therefore, the C-terminus of ELC is important for the formation of stable ELC-MHC structures and sarcomere assembly (Petzhold et al. 2011) . Any structural abnormalities in this C-terminal ELC region due to the M173V mutation could lead to myofilament disarray and trigger formation of fibrotic lesions in the myocardium. It is hypothesized that the C-terminal M73V mutation positioned in this critical ELC region that interacts with the lever arm domain may interfere with the structural stability of the myosin cross-bridge and affect transmission of the conformational changes between the motor domain and the lever arm domain, and in the conduction of external loads from the myosin backbone to myosin's active site. In conclusion, both A57G-and M173V-ELCs could be implicated in the structural reorganization of the myosin lever arm having structural and functional consequences and affect generation of force and muscle contraction.
Functional effects of MLC mutations
In vitro functional studies on MLC mutations included the actin activated myosin ATPase activity assays, steady state force measurements, force-pCa dependence (pCa 50 ), muscle relaxation rates and passive tension measurements. We hypothesized that the mutations in RLC and ELC can impose significant changes in one or more of these functional parameters of force generation and muscle contraction (Table 1) . The experiments were performed on either Tg mouse cardiac muscle preparations or RLC-depleted and mutant-reconstituted or ELC mutant-exchanged porcine cardiac muscles . All three RLC mutations altered the actin-activated myosin ATPase activity with myosin purified from mouse hearts (A13T, K104E) or from porcine hearts reconstituted with D94A-RLC. The N-terminal A13T-RLC mutation significantly decreased maximal ATPase activity (V max ) , while D94A-RLC and the C-terminal K104E-RLC mutations increased V max . V max represents the rate constant of the transition from the weakly (AÁMÁATP $ AÁMÁADPÁPi) to strongly (AÁMÁADP $ AÁM) bound myosin cross-bridges with phosphate release being rate limiting (Rayment 1996) . Therefore, the A13T-RLC mutation decreased, while D94A-RLC and K104E-RLC increased the rate of the weak to strong actin binding transition compared with WT myosin (Table 1) . None of the mutations affected the Michaelis-Menten constant, K m . Unlike RLC mutations, the N-terminal ELC A57G mutation did not affect the actin activated mouse purified myosin ATPase activity (Kazmierczak et al. 2013 ). The C-terminal M173V mutation in the ELC was observed to decrease the actin-activated mutant-exchanged porcine myosin ATPase activity compared with WT-ELC myosin (Table 1) . Since the actin activated hydrolysis of MgÁATP by myosin fuels muscle contraction, these results suggested that the mutations which reduce V max (A13T-RLC, M173V-ELC) may affect the ability of the mutated cross-bridges to hydrolyze ATP decreasing chemical energy that could be used to produce mechanical work.
In functional studies, the A13T-RLC mutation significantly increased , while K104E-RLC decreased , and D94A-RLC did not affect ) the maximal contractile force measured in skinned papillary muscle fibers from Tg-A13T and Tg-K104E mouse hearts or in D94A-porcine reconstituted papillary muscle strips (Table 1) . Surprisingly, no changes in the Ca 2? sensitivity of force generation (pCa 50 ) were observed for any studied RLC mutants. This was in contrast to other RLC mutations, namely R58Q-RLC and D166 V-RLC, which were shown to render a significant increase in the Ca 2? sensitivity of force Wang et al. 2006; Yuan et al. 2015) . It is important to note that the majority of HCM-causing sarcomeric mutations do increase the Ca 2? sensitivity of contraction (Marston 2011) . In addition, K104E-RLC significantly increased passive tension and reduced muscle relaxation rates , suggesting the possibility of diastolic dysfunction in K104E mice (Table 1 ). In addition, in the in vitro motility assays, the velocity of actin filaments propelled by K104E-RLC myosin decreased faster with increasing loads than propelled by the WT-RLC myosin. This result suggested that when placed in vivo, the K104E-RLC mutation could make the heart more susceptible to muscle fatigue (Table 1) ).
Similar to K104E-RLC, the A57G mutation in myosin ELC also decreased maximal force generation and increased passive tension compared with WT-ELC mice, but no differences were observed in muscle relaxation rates between A57G-ELC and WT-ELC mouse cardiac muscle preparations (Table 1) (Kazmierczak et al. 2013; Muthu et al. 2011) . In contrast to the RLC mutations studied in this report and in accord with other HCM mutations (Xu et al. 2010 ), A57G-ELC resulted in a significant increase in the myofilament Ca 2? sensitivity compared with WT-ELC, as measured in mouse skinned papillary muscle strips (Kazmierczak et al. 2013) (Table 1) . On the other hand, the C-terminal M173V-ELC mutation exerted no effect on maximal force generation, but similar to A57G-ELC, it also sensitized the M173V-exchanged porcine muscle fibers to Ca 2? (Table 1) . Furthermore, the A57G-ELC mutation was reported to cause SCD in humans (Lee et al. 2001) . Since SCD often happens after intense exercise, the effects of exercise of Tg-A57G versus Tg-WT mice were investigated (Kazmierczak et al. 2014 ). Compared to the sedentary group, in which only SERCA2a was upregulated in A57G versus WT mice, quantitative PCR results showed that the HCM-related genes, e.g. atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP) and Col VIIIa (collagen) were all upregulated in exercised A57G-ELC mice (Table 1) . On the other hand, studies on sedentary and exercised mouse fibers showed a significant decrease in calcium sensitivity of force in exercised vs. sedentary A57G-ELC mice (Kazmierczak et al. 2014) . The steady state force of exercised A57G mice was significantly lower than in WT, which in combination with decreased Ca 2? sensitivity could indicate a potential for heart failure (Table 1) . As shown in Kazmierczak et al. (2014) , no significant changes in endogenous MyBP-C, Tm, TnT, TnI, or RLC phosphorylation were found in sedentary or exercised A57G-ELC animals compared to WT-ELC mice. The lack of the effect of exercise on protein phosphorylation was somewhat surprising but the similar observations have been reported by other laboratories and no effect of exercise on phosphorylation of myosin RLC in the ventricles or atria of mice was found by Fewell et al. (1997) . Similarly, no changes in phosphorylation of titin or TnI in mice upon exercise training were observed in Hidalgo et al. study (2014) .
Effect of MLC mutations on heart morphology and cardiac function in vivo
Histopathological staining with hematoxylin and eosin (H&E) and Masson's trichrome, and the in vivo heart measurements by echocardiography and invasive hemodynamics were conducted on transgenic mouse models of HCM Kazmierczak et al. 2012; Kazmierczak et al. 2013) . For RLC mutant animals, a significantly larger IVS mass was observed in 6 month-old Tg-A13T mice compared with Tg-WT or NTg (non-transgenic) littermates . In addition, A13T-RLC animals demonstrated severe fibrotic lesions in their LV walls compared with controls suggesting exaggerated activation of extracellular collagen.
Histology studies on 6 month-old Tg-K104E hearts showed minor fibrosis which exacerbated in [13 month-old animals suggesting that the K104E-RLC HCM phenotype was age dependent . Echocardiography measurements conducted on senescent 16 month-old A13T-RLC animals showed significantly reduced EF compared with WT-RLC mice . The echocardiography assessment of K104E-RLC mice showed no HCM in 6 month-old animals, but a pronounced HCM phenotype in senescent [ 13 month-old K104E hearts . Doppler measurements on 6 month-old K104E-RLC mice showed a decrease in E/A ratio, and invasive pressure-volume (PV-loops) measurements revealed prolonged deceleration time (tau), both indicative of potential diastolic disturbance in K104E-RLC mutant animals (Table 1) . Comparing these two mouse phenotypes associated with A13T-RLC and K104E-RLC mutations and given that *10 % versus *100 % Tg protein is expressed in A13T versus K104E mouse hearts, one has to anticipate that the A13T-RLC mutation would result in a much more severe HCM phenotype than K104E-RLC when both were incorporated into mouse hearts at *100 % (Table 1) .
Similar to A13T-RLC, the A57G-ELC mutation resulted in severe fibrosis with no myofilament disarray in the hearts of 6 month-old A57G-ELC mice (Kazmierczak et al. 2013 ). However, unlike in RLC mice, the echocardiography measurements showed a rare HCM phenotype in A57G-ELC mice manifested by no changes in IVS or LV wall thickness but with substantially increased LV chamber size compared with WT hearts (Kazmierczak et al. 2013) . Hemodynamics measurements showed a significant increase in systolic indices such as stroke work (SW), stroke volume (SV) and cardiac output (CO). The loadindependent end-systolic elastance, E es (indicator of cardiac contractility) was also increased in A57G-ELC compared with WT-ELC mice (Table 1 ). The time constant of ventricular relaxation tau was two-fold faster in A57G than in WT mice, but because end-systolic pressure was higher in A57G-ELC vs. WT-ELC mice, tau was expected to be faster in the mutant mice. These changes were most likely associated with the type of cardiac remodeling observed in Tg-A57G animals demonstrated by eccentric hypertrophy and sphericalization of the LV. These changes were expected to contribute to systolic dysfunction in A57G-ELC mice (Kazmierczak et al. 2013 ).
Effect of phosphorylation on MLC mutant phenotype
Both MLCs contain phosphorylatable serine residues, Ser15 on the RLC (Chang et al. 2015; Scruggs and Solaro 2011; Warren et al. 2012; Yuan et al. 2015) and Ser195 on the ELC (Arrell et al. 2001; Meder et al. 2009 ) that can potentially serve as functional phosphorylation sites in both MLC proteins (Fig. 2) . Phosphorylation of Ser15 in the myosin RLC has been widely recognized to play a functional role in cardiac muscle contraction in health and disease (Kamm and Stull 2011) . The in vivo level of RLC phosphorylation in the healthy heart has been reported as *0.4 mol phosphate/mole RLC (Chang et al. 2015) . Complete dephosphorylation of the RLC was observed in the myocardium of HF patients (van der Velden et al. 2003a, b) . Significantly reduced levels of RLC phosphorylation were also observed in RLC animal models of HCM compared to phosphorylation of WT-RLC mice (Abraham et al. 2009; Kerrick et al. 2009; Yuan et al. 2015) . Interestingly, a slight increase in TnI phosphorylation in the myocardium of R58Q-RLC (Wang et al. 2006) and D166V-RLC ) mice has been reported to occur concurrently with a decrease in RLC phosphorylation in these animal models of HCM. (Yuan et al. 2015) . Both TnI and MyBP-C were seen to be associated with cardiac myopathies and changes in their phosphorylation are recognized to be indicative of cardiac disease (Kuster et al. 2014; Sadayappan et al. 2009; Wijnker et al. 2014 ). However, no statistically significant differences in phosphorylation of TnI or MyBP-C were observed in D166V-RLC animals or in the S15D-D166V rescue heart model of HCM designed to abrogate the consequences of D166V-RLC alone. In conclusion, our decade-long investigation of the RLC mutant induced pathology of the heart and results from other laboratories suggest that RLC phosphorylation has an important physiological role in the heart and may serve as a rescue tool to mitigate detrimental phenotypes associated with cardiomyopathy disease (Yuan et al. 2015) .
We first tested whether phosphorylation of myosin RLC by Ca 2? calmodulin (CaM) activated MLCK can be affected by A13T-RLC, D94A-RLC and K104E-RLC mutations. In mice, K104E-RLC was shown to significantly decrease the endogenous RLC phosphorylation, but no effect was found in A13T-RLC mouse hearts Kazmierczak et al. 2012) . The lack of effect of A13T-RLC on myosin phosphorylation could be due to the low expression of A13T-RLC in mouse myocardium compared to the high (*100 %) expression of K104E-RLC in mice. No data on the effect of D94A-RLC on RLC phosphorylation in situ are available because of the lack of animal models of DCM-RLC available for research. Interestingly, treatment of K104E-RLC mouse fibers with Ca 2? -CaM activated MLCK resulted in an increase in the I 1,1 /I 1,0 equatorial reflections' intensity ratio at both short and long sarcomere lengths, demonstrating sensitivity of K104E-RLC cross-bridges to phosphorylation-mediated structural changes . In addition, the mutation increased IFS compared with WT-RLC mouse fibers, which was restored to the level of WT (at long sarcomere length) as a result of MLCK induced phosphorylation of K104E-RLC mouse papillary muscle fibers . However, in functional studies, the steady state force and pCa 50 were the same before and after K104E-RLC mouse fiber phosphorylation .
In contrast to the myosin RLC, no kinase that specifically phosphorylates the ELC protein has been identified. Therefore, we generated Ser195 phosphomimetic ELC mutant proteins containing the S195D mutation in the background of either A57G-or M173V -ELC HCM-causing mutations. The recombinant proteins were exchanged for endogenous porcine cardiac ELC and mutant-exchanged cardiac muscle preparations were tested for the rescue effects of abnormal force generation and myofilament calcium sensitivity. The S195D-A57G phosphomimetic mutant of ELC was able to decrease an abnormally high calcium sensitivity of force rendered by the A57G-ELC mutation alone . The same trend of S195D induced recovery of the Ca 2? sensitivity was observed in S195D-M173V versus M173V-ELC exchanged preparations . The S195D-M173V-ELC phosphomimetic protein was also able to partially restore the low level of actin-activated myosin ATPase activity that was observed for M173V-ELC myosin. However, similar to the effect of phosphorylation of Ser15-RLC in skinned muscle fibers, there was no effect of S195D on force production in the ELC mutant-exchanged porcine papillary muscle strips .
Potential mechanisms of action for RLC and ELC mutations
The important question addressed here pertains to the underlying causes of different disease mechanisms observed for the RLC versus ELC mutations in humans and in experiments utilizing animal models of human disease. The RLC and ELC mutations share common mechanisms by which they result in detrimental HCM/DCM phenotypes; however, due to the structural and functional differences between the RLC and ELC proteins and between the N-and C-terminal domains of the protein itself, distinct disease phenotypes among certain mutations are observed (Table 1) .
For RLC, both A13T and K104E mutations cause HCM, while the D94A-RLC mutation leads to DCM in humans. In our studies, compared to control WT-RLC mice, the N-terminal A13T-RLC mutation increased maximal force generation, decreased maximal ATPase activity and did not affect endogenous RLC phosphorylation, while the C-terminal K104E-RLC mutation decreased maximal force generation, increased maximal ATPase activity, slowed down muscle relaxation and decreased endogenous RLC phosphorylation (Table 1) . This lack of effect of A13T-RLC on the phosphorylation status in mouse myocardium was somewhat surprising considering the vicinity of A13T to S15 in the RLC molecule (Fig. 1b, left panel) . One can speculate that perhaps the low (*10 %) level of mutant expression was not enough to impose changes in *90 % of not mutated myosin heads in mice. However, the results collected for the N-and C-terminal RLC mutations suggested that they may lead to HCM through different mechanisms resulting in different manifestation of A13T-RLC vs. K104E-RLC phenotypes. The A13T-RLC phenotype was seen as early as in 6 month-old mice even though only 10 % transgenic protein was expressed. The significant functional changes observed, despite a low level of A13T mutant incorporation into myofilaments, suggested a 'poison-peptide' mechanism of disease . The disease phenotype of K104E-RLC was age dependent, and could be clearly manifested only in animals older than 13 months of age (Table 1) . Thus, we conclude that compared to K104E-RLC, which was shown to cause a relatively benign phenotype, the A13T-RLC mutation has the potential to lead to a more severe HCM phenotype in humans.
For the DCM causing D94A-RLC mutation, most alterations were seen in the RLC structure. The D94A-RLC mutation changed the a-helical content and led to impaired MHC-RLC interactions. These results imply that subtle mutation-induced changes in the secondary structure of the RLC were most likely responsible for the inability of the mutant to stoichiometrically bind to RLC-depleted myosin and saturate the MHC binding sites to the level observed for WT-RLC . However, except for the elevated maximal ATPase activity, the functional defects were not clearly manifested in D94A-RLC reconstituted porcine cardiac muscle preparations (Table 1 ). The lack of visible phenotypes could be due to the D94A-RLC reconstitution protocol that was utilized in the experiments compared to the native transgenic mouse cardiac muscles studied for A13T-RLC and K104E-RLC. Tg-D94A mouse colonies have been successfully generated in the laboratory and the work in vivo and in vitro on disease phenotypes is in progress allowing for future conclusions on the D94A-induced DCM.
At the molecular level, all three RLC mutations altered the a-helical content of the protein in different ways implying different changes in the secondary structure of the RLC. These changes might be responsible for differently affected cross bridge cycling rates (ATPase activity) and altered interactions of mutant myosins with actin during force generation and muscle contraction (Table 1) .
Differences in the ATPase and cross bridge cycling rates could also be seen at the myofilament level, in force generation experiments. The A13T-RLC mutation significantly increased maximal force (with lower cycling rates), while K104E-RLC reduced maximal tension (with higher cycling rates) (Table 1) . These changes may further underlie different disease phenotypes observed at the heart level. Interestingly, the calcium sensitivity of force was not affected in any of the three studied RLC mutations (Table 1) . This might be due to the absence of direct interactions between RLC and troponins or it is also possible that the direct calcium binding to the RLC is not being affected by these mutations. As shown earlier for two other HCM-RLC mutations, R58Q and D166V, they were able to cause delayed calcium and force transients Wang et al. 2006 ) and significantly increased the Ca 2? sensitivity of contraction. These results suggested that the RLC can work as a delayed calcium buffer helping the sarcoplasmic reticulum to sequester calcium after contraction ). As reported earlier (Szczesna-Cordary et al. 2004) , the calcium binding affinity of A13T-RLC was significantly lower than WT-RLC (higher K d ), but the calcium binding to RLC reconstituted myofibrils or fibers was similar between WT-and A13T-RLC. This suggested that alterations in calcium binding to A13T-RLC were not large enough to affect the overall calcium sensitivity of the fibers. The calcium binding properties of K104E and D94A RLCs are still under investigation.
For the ELC, the A57G-ELC mutation, similar to K104E-RLC, significantly decreased maximal force generation and increased passive tension. However, unlike RLC mutations, it significantly left shifted the calcium sensitivity of force, with no changes in the ATPase activity or muscle relaxation rates (Table 1) . The in vivo studies using echocardiography and invasive hemodynamics showed a rare eccentric hypertrophy phenotype with signs of systolic dysfunction. These abnormalities were not observed in Tg-RLC animal models (Table 1 ). More interestingly, the A57G-ELC mutation was reported to cause SCD in human patients while no cases of SCD were reported in either of studied RLC mutations (Andersen et al. 2001; Poetter et al. 1996) . For the C-terminal ELC mutation M173V, similar to A57G-ELC, this mutation also showed a higher (left-shifted) calcium sensitivity of force compared with WT-ELC. In addition, the maximal ATPase activity was reduced (Table 1) . It is worth mentioning that because the results on M173V-ELC were obtained in the mutant-exchanged porcine muscle preparations, any firm conclusion on this M173V-ELC mutation would require further in vivo structural and functional studies on M173V-ELC mice.
Differences between RLC and ELC phenotypes
Unlike RLC proteins, the ELC interacts with actin through its N-terminus (Sutoh 1982; Trayer and Trayer 1985; Winstanley et al. 1977) , and this interaction is hypothesized to be the molecular target for the ELC disease causing mechanisms (Kazmierczak et al. , 2014 Muthu et al. 2011) . We have previously shown that the N-terminally truncated D43-ELC was able to shift the cross bridge mass distribution toward the thin filament. This result suggested that the N-terminus of ELC may work as a tether to regulate the thin and thick filament interaction (Muthu et al. 2011) . Since RLC does not interact with the thin filaments, we suspect that it is the direct interaction between the N-terminus ELC and thin filaments that causes phenotypic differences between the RLC and ELC mutations. For example, the tethering effect of the N-terminus of ELC was manifested as increased rigor stiffness in Tg-A57G mice (Muthu et al. 2011) . The increased rigor stiffness most likely reflected increased stiffness of the myosin head, and the lever arm domain in particular and further increased the unitary force produced by A57G-ELC myosin (Muthu et al. 2011 ). This together with decreased maximal force generation in fibers (Table 1) suggested that ELC mutations may lead to a reduced number of force generating myosin cross bridges. These phenotypes were not observed for the RLC mutants. One common denominator for both light chains could be the interaction between the ELC-and RLC-containing lever arm domain and actin via the cardiac MYBP-C, which was recently shown to span the neck domain of myosin head and actin with the C-terminal domains of cMyBP-C positioned along the thick filament surface, and the N-terminus of cMyBP-C extending toward neighboring thin filaments (Lee et al. 2015) . Interestingly, even though the ELC does not bind calcium, A57G-ELC and M173V-ELC both left shifted the calcium sensitivity of force (Table 1) , a hallmark of HCM disease, suggesting the possibility of the N-terminus ELC mediated cross talk between the thick and thin filaments and resultant alterations in pCa 50 . Alterations in calcium sensitivity were most likely induced by the changes of calcium binding to Troponin C, the major intracellular calcium buffer, e.g. increased the k on /k off ratio causing a leftward shift in the force-pCa relationship (Robinson et al. 2002) . On the other hand, the binding of cMyBP-C to actin in situ, shown by Lee et al. (2015) , implies that by the binding of the N-terminal domains of cMyBP-C to the thin filaments, cMyBP-C can potentially modulate the Ca 2? sensitivity of contraction that was altered by either RLC or ELC HCM/DCM causing mutations.
In conclusion, different phenotypes observed between myosin light chains' mutations are most likely caused by different properties of the two light chains, RLC vs. ELC, and the differences between their N-and C-terminal domains. Studies with animal models for all discussed mutations in the RLC and ELC would have to be performed to conclude on the specific MLC rendered disease phenotype. It is also possible that there is a common disease mechanism for both RLC and ELC mutations that has not been tested in the reviewed studies. For example, the role of cMyBP-C in the disease mechanism should be further pursued as the information of the site of the mutation in both MLCs could be communicated to the thin filaments through cMyBP-C. More studies have to also be performed to conclude on myosin light chain phosphorylation potentially working as a common rescue mechanism for both RLC and ELC mutations linked to cardiomyopathies.
